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Abstract the vehicle will merit increasing consideration.
A prime example is a short takeoff and landing
The subsonic jet exhaust velocity and tempera- aircraft (STOL), such as the proposed McDonnell
ture characteristics of model-scale two-stream Douglas C-17, that employs an under-the-wing blown
coplanar nozzles were obtained experimentally, flap for lift augmentation during takeoff and
The data obtained includes the effects of fan-to- landing. For such an aircraft, the jet velocity
primary stream velocity and temperature ratios on and temperature impinging on the flap surfaces
the jet axial and radial flow characteristics, must be controlled in order to maintain flap loads
Empirical parameters were developed to correlate and surface temperatures within acceptable limits
the measured data. The resultant equations are for reasons of structural integrity and high-lift
shown to be extensions of a previously published performance. Usually these requirements necessi-
single-stream jet velocity and temperature tate some means of enhanced jet mixing with the
correlation, surrounding medium in order to reduce the loads
and temperatures at the flap location.
Nomenclature
In Ref. 1, the mean-flow velocity and tempera-
ture characteristics associated with conical nozzle
A,B,B1,B2, _ plumes were presented for both conventional and
normalizing factors excited flow states. It was shown that jet plume
F,Fo,F T ) mixing with the surrounding medium could be en-
AR nozzle fan-to-primary stream area ratio hanced by acoustic excitation or aero/mechanicalperturbation devices. Further information con-
bV radial location where UR/Uc = 0.5 cerned with this phenomena, including flight ef-
fects are discussed in Refs. 2 and 3, as well as
bT radial location where tR/t c = 0.5 several others in the literature.
D diameter
In the present paper, subsonic jet plume ve-
DT total nozzle diameter locity and temperature characteristics of conven-
h nozzle annulus height tional two-stream coplanar jet flows are presented.
M Mach number The data were obtained at model scale and cover
several nozzle areas, flow rates and temperature
R radial distance levels. Evaluation of the data included consider-
Rj primary nozzle exit radius ation of both the axial and radial jet plume char-acteristics. Analyses herein include both existing
T total temperature relationships available in the literature as well
t static temperature as new or modified empirical correlations developed
where such relationships are not presently avail-
U velocity able. A prime consideration for the latter was
X axial distance downstream of nozzle that the new correlating equations can be reduced
to the correlations for single flow given in
exit plane Ref. i.
The data and correlations included herein are
Subscripts: intended to serve as a baseline for future two-
stream jet studies involved with jet plume modifi-
cations achievable using acoustic or aero!
C local centerline peak level mechanical means of flow excitation. Emphasis is
F fan placed on the centerline axial velocity and tem-
perature decay characteristics of two-stream jet
J jet flows, with secondary considerations given to ra-
0 ambient dial characteristics. The choice on the emphasis
" was dictated to some degree by the available data.
P primary
R radial Background
T temperature Centerline Velocity Decay
V velocity In Ref. i, the single-stream, unexcited jet
centerline velocity decay for conical nozzles was
Introduction correlated by the following relationship, slightly
rewritten for the present work:
In the operation of future aircraft, the con-
trol and modification of airflow over and about
Copyright © American Institute of Aeronautics and This paper is declared a work of the U.S.
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-0.125 Fig. 3 for single-streamnozzles. It is apparent
U I i +IX= l_j\ u/ }(_-_I I"td 0"25 8] (I) acceptablemanner,that Eqs. (3) and (4) represent the data in anI_j 6Dj Apparatus and Procedure
Note that the static temperatureratio is used Facility
in Eq. (1). If the total temperatureratio is
used in Eq. (1), the exponent for the temperature A photographof the dual-streamheated-jet
ratio is reduced from 0.25 to 0.215 in order for facility is shown in Fig. 4. Unheated laboratory
the correlateddecay data to fall on substantially air was used to supply flow for two parallel flow
the same curve as that given by Eq. (1). lines; one line for the inner nozzle and the other
for the outer nozzle. Each flow line had its own
In the presentwork, the single-streamnozzle air and fuel flow control and measuring systems.
data from Refs. 1 and 2 are used as baseline or The air was heated by a jet engine combustor in-
reference values for the two-streamnozzle data. stalled in each line. The system was designed to
In Fig. i, these baseline data are shown as a give maximum nozzle exhaust temperaturesof about
function of the parameters in Eq. (1), and it is 1100 K and nozzle pressure ratios up to 3.0 in
apparent that Eq. (1) representsthe data well. each of the flow lines.
Centerline TemperatureDecay Nozzles
The single-stream,unexcitedjet centerline Two different coaxial-coplanarnozzle configu-
temperature decay for conical nozzles was corre- rations were used in the experimentalprogram.
lated by the following relationshipin Ref. 1, Dimensions of the nozzles are given in Fig. 5.
again slightly rewritten for the present work: The area ratios given in the figure are the ratios
of the outer nozzle flow area to the inner nozzle
-0.125 flow area. The diameters are inside diameters of
I _ _0"2518 the respective nozzles. The inner nozzle was com-
t - to _ X __tJ (2) mon to both configurationsand the coaxial nozzle
tj - to 1+ l_j_to } area ratio was changed by changing the outer noz-5Dj zl . The outer w ll of the i ner nozzle was c ated
with a high temperatureceramicmaterial to mini-
The preceding equation again is valid for static mize heat transfer between the two streams. The
values rather than total values of the jet temper- interior of the upstream portion of the inner noz-
ature. However, use of an exponent of 0.215 in- zle supply was also lined with insulatingmaterial.
stead of 0.25 for the jet-to-ambienttemperature
ratio, as in the case of the centerlinevelocity Instrumentation
decay, will coincide the total temperaturedecay
curve with that for the static temperaturedecay Flow system. Instrumentationwas provided to
curve, measure air and fuel flow rates and nozzle total
pressures and temperaturesfor both streams. Noz-
The single-streamdata are again used as the zle pressures and temperatureswere measured at
baseline or reference values for the two-stream four different circumferentiallocationsat ap-
nozzle data included in the present work. In proximatelyten inner nozzle diameters upstream of
Fig. 2, these baseline data are shown as a function the nozzle exit plane. In addition, six thermo-
of the parameters in Eq. (2). It is apparent that couples were mounted to the _all of the outer noz-
Eq. (2) represents the data well. zle so that radiation lossesJ for the interior
thermocouplescould be closely approximated.
Radial Velocity/TemperatureProfiles
Jet plume. Jet exhaust plume total pressure
Radial velocity and temperatureprofiles for and temperature surveyswere made with a probe
single-streamjets are frequentlyrepresentedby capable of traversing in the axial, horizontal,
the following relationships: and vertical directions, as illustratedin
°lalFig. Details of the probe are shown in
UR [ ( R ).512.0 Fig. 6 b . The probe was calibrated in a wind tun-
_-_C= 1 - .2-/b (3) nel over a range of Mach numbers.Procedure
taken from Ref. 4 and Nozzle pressures and temperaturesfor both
streamswere varied over a range of conditions so
tR- to TR- to [ (R= )1"512"0 that the test matrix included a wide range °fve-locityand temperatureratios.c _ or C_l_ 0 1 - 2.27 b(t or T) S e dy- at cond tionswere attained for each
(4) flow condition before pressures and temperatures
were recorded. Upstream total temperatureswere
Equation (4) is similarto that for the radial averaged and corrected for radiation losses and
velocity profile (eq. (3)) differing only in that used with the average upstream pressure to calcu-
b(t or T) is used in place of bv. late an ideal nozzle exhaust velocity. Static
temperatureswere derived from the total tempera-
A comparison of typical data from Ref. 1 and ture and Mach number. All velocities were subsonic
the present work with Eqs. (3) and (4) is shown in (nozzlepressure ratio less than 1.89); conse-
quently, static pressures at the nozzle exit and there was some evidence of such a flight effect
downstream in the jet plume were assumed to be because the U/Up and (U - UF)/(UP - UF)
atmospheric, data plots tended to coincide. In no case did
the U/Up versus X/Dp plots indicate the
Measurements in the jet plume included probe U/Up data becoming asymptoticto the UF/UP
position, total temperatureand total pressure, ratio, a further proof that the possible "flight"
- Probe radial traverses were made along the hori- effect of the fan stream on the primary stream was
zontal centerline of the nozzle, in a step-wise not significantover the wide range of conditions
fashion, at various axial locations. Total tem- included in the presentwork.
" perature was corrected for r_diation losses and
- aerodynamicrecovery errors._ The recovery fac- Temperature. The effect of the fan-to-primary
tors for cold flow were determined from the probe stream velocity ratio on the jet centerline tem-
calibration tests and extrapolatedto higher tem- perature decay was significantlydifferent from
peratures by the method suggested in Ref. 6. Local that observed for velocity decay. The trend of
velocities were then calculatedfrom the total the temperaturedecay curve with velocity ratio is
pressure and corrected total temperature, shown schematicallyin Fig. 9. Initially, at
UF/UP values of 0.3, the temperature decay
General Plume Characteristics curve with heated primary and cold fan flows shift-
ed to the right from the zero fan flow curve de-
Plume Centerline Characteristics noted by UF/UP = O. At UF/UP of 0.3,
the decay curve shifted to the left, even beyond
In this sectionthe two-stream plume centerline the Dp curve for a single-streamnozzle. Fur-
velocity and temperaturecharacteristicsare dis- thermore, the slope of the decay curve steepened
cussed in terms of general trends with stream ve- with increasingvalues of UF/Up, as will be
locity and temperatureratios. In the latter case, shown later. The data also showed a jog in the
the trends are essentiallysimilar for both static trend similar to that observed in the velocity
and total stream temperatures, decay data and occurring in about the same region
of UF/UP values. With increasingfan stream
Velocity. In Fig. 7, the trend of the jet temperaturesand a constant primary stream temper-
centerline velocity decay, U/Up, at a given pri- ature, the decay curves shifted to the right as
marystreamMachnumberisshownschematicallyas indicatedinFig.9 Inallcases,independentof
a function of the axial distance downstream of the the velocity ratio, when the two-stream tempera-
nozzle exit plane. The two velocity decay curves tures were the same, the two-stream decay curves
shown in the figure represent the case with primary coincided with the DT curve; this again will
flow only and that with equal velocity in the fan be shown later in detail.
and primary streams. In the latter case because
the nozzle is coplanar, the reference nozzle diam- Plume Radial Characteristics
eter is the diameter of the outer nozzle. With
cold flow in both streams, the velocity decay curve The plume radial velocity and temperaturepro-
shifts generally to the right with increasing files for two-stream nozzles showed the presence
UF/UP values. However, as indicated by the of the separate fan and primary streams in the
reversal in the UF/UP arrow, an abrupt change region from the nozzle exit plane to about the end
in the decay characteristicswas observed and will of the primary core region. Thereafter,the two
be discussed later in more detail. With hot pri- streams had merged sufficientlyto exhibit essen-
mary flow and cold fan flow, the decay curve at a tially a single radial profile more typical of a
given UF/UP ratio tended to shift somewhat single-streamplume.
to the right (i.e._ greater X/Dp values rela-
tive to the curve with both streamscold). In the analyses of these profiles in the core
region (fig. 10), it was necessary to extend the
The velocity decay curves shown schematically local velocity and temperaturedecay curves in
in Fig. 7 are typical of those obtained in static order to estimate R/R0 5 values for t/tO 5
experiments, i.e., no flight effects. It can be and U/Uo 5- At UF/UP" values less than "
argued that near the nozzle exit plane, the fan 0.5 this extension was not needed for the primary
stream surroundingthe primary stream provides a stream edge decay becausethe fan stream departed
local flight effect and, consequently,the decay from primary stream edge decay curve below the
curve is more complex than the simple representa- one-half velocity or temperatureratio point. The
tion shown in Fig. 7. The more complex situation radial velocity and temperatureedge decay for the
is shown schematicallyin Fig. 8. In region A, fan stream,prior to merging with the primary
Fig. 8, velocity decay is a function of (U - UF)! stream,was also analyzed and compared with the
(Up - UF) instead of U/Up, as for static radial decay of single nozzles.
conditions. Here the fan velocity, UF, repre-
sents a local or pseudo flight velocity. When the Typical Data
primary and fan flows are fully mixed (region C)
the jet centerline velocity decay is again a func- Centerline Velocity Decay
tion of U/Up, as for a single stream under
static conditions. However, relative to region A, Representativejet plume centerline velocity
the curve in region C is displaceddue to a tran- decay data are shown in Fig. 11, and include: (1)
sition region (regionB in Fig. 8). The location both streams cold for severalfan-to-primarystream
and extent of region B would depend on the nozzle velocity ratios, and (2) hot primary stream with
exhaust velocity and temperatureratios. In gen- cold fan flow and also various amounts of fan
eral, for the range of data obtained with the area stream heatingfor nominalfan-to-primaryvelocity
ratio 1.9 and 3.2 nozzles, this pseudo flight ef- ratios of 0.30 and 0.68.
fect was not observed or could be neglected. How-
ever, with the nozzle having an area ratio of 25,2
The data in Fig. 11 are for an area ratio,AR, Radial Velocity Profiles
of 1.9; however, similartrends were obtained with
an area ratio,AR, of 3.2. While the data shown In Figs. 15 and 16 are shown typical radial
are plotted as a function of primary stream static velocity profiles at several axial distances from
temperature in the abscissa, similar resultswere the nozzle exit plane. The data shown include:
obtained using the total temperature. (1) both streamswith cold flow, (2) heated primary
stream with a cold fan stream, and (3) both
In Fig. 11(a) the effect of increasingthe streams heated.
fan-to-primarystream velocity ratio (both streams
cold) is to shift the decay curve increasinglyto In Fig. 15, radial velocity profiles are shown
the right of the single-streamcurve, UF/UP = for a nominalfan-to primary velocity ratio of
O. With a fan-to-primaryvelocity ratio of 1.0, 0.30 and with only the primary stream heated. The
the curve designated UF/UP = 1.0 is reached, data indicate that separate identificationof the
fanstreamintheprofilexiststo an XIDp of
In Figs. 11(b) and (c), the effect of absolute less than four. With a higher fan-to-primaryve-
stream temperaturesand ratios on the plume center- ]ocity ratio of about 0.68, shown in Fig. 16, the
line velocity decay is shown for nominal UF/Up identificationof the fan stream in the radial
ratios of 0.30 and 0.68, respectively. The effect velocity profile depends somewhat on the fan stream
of increasingthe primaryflow static temperature temperature,varying from an X/Dp of less than
from cold (236 K) to a nominal static temperature four for cold flows to about eight for hot flows.
of 1035 K with a cold fan flow is almost negligible Of particular interest is Fig. 16(b) in which the
and taken into considerationsufficientlyby the fan stream is cold but the primary stream is hot.
parameters in the abscissa. However, with a heated A comparison of these data with those in Figs.
fan stream, the data tend to shift to the right, 16(a) and (c) shows that the primary stream is
toward the UF/UP = 1.0 curve. The shift in- considerablysmaller in radial extent even at an
creases with increasingtemperature level. XIDp of 1.0, than for the cases in which both
streams are either cold or hot; however, the total
CenterlineTemperature Decay radial extent of'the streams in the core region is
Examples of jet plume centerline temperature substantiallythe same in all three cases.
decay are shown in Figs. 12 to 14. The data shown Data obtained with the 3.2 area ratio nozzle
are again for an AR of 1.9 and include: (1) were similar to those for the 1.9 area ratio noz-
heated primary stream with cold fan flow, and (2) zle; however, due to the larger fan nozzle,the
both streams heated, fan stream radial velocity profiles were wider and
persisted to greater downstreamdistances, even at
In Fig. 12, both static and total temperature low UF/UP ratios.decay data are for the case of a heated primary
stream and cold fan flow. It is apparent that Radial Temperature Profiles
there is little difference in the decay rates for
total and static temperaturesexcept at very high Representativeradial temperatureprofiles at
UF/UP ratios. However, as indicatedprevious- several axial distances downstreamof the nozzle
ly the temperaturedecay curves at low UF/UP exit plane are shown in Figs. 17 and 18. The data
ratios shift to the right of the single flow curve; include: (1) heated primary with a cold fan
whereas at high UF/Up ratios, the curves stream, and (2) both streamsheated.
shift to the left of the single flow curve. Note
also that the slope of the temperaturedecay curves In Fig. 17 are shown the radial temperature
becomes steeper with increasing UF/UP ratios, profiles associatedwith the radial velocity pro-
This latter trend is shown more clearly in Fig. 13 files shown previously in Fig. 15 for a nominal
where curves drawn through the data in Fig. 12 are fan-to-primaryvelocity ratio of 0.30. Because
normalizedto a (t - to)/(tp - to) ratio of the fan stream is unheated, no evidence of the fan
0.5 at an abscissa value of 10. Also shown, for stream is discernible in the temperatureprofiles.
comparison, is the single-streamtemperaturedecay
curve from Ref. 1. Although the curves shown in In Figs. 18(a) and (b) are shown the radial
Fig. 13 are for static temperatures, it is obvious temperatureprofiles associatedwith the radial
from Fig. 12 that similartrends occur for total velocity profiles shown previously in Figs. 16(b)
temperatures, and (c), respectively. It is apparent in Fig.
18(a) that the cold fan stream causes a rapid cool-
In Fig. 14(a) and (b) are shown the effects of ing of the primary stream as evidenced by the rapid
heating the fan stream on the temperature decay reduction of the radial profile. When the two
for a heated primary stream for nominal fan-to- streams are well mixed downstream,the radial tem-
primary velocity ratios of 0.30 and 0.68. The perature profile is much broaderthan that near
data are for the static temperature decay; however, the nozzle exit; however, the temperaturesof the
similar trends were obtained for the total temper- mixed flow are greatly reduced as shown by the
ature decay, centerline temperatureslisted in the figure.
From these data and that shown in Fig. 16(b), it
The data shown in Fig. 14 indicate that the is apparent that a cold fan stream, due to its
temperaturedecay curves relative to the cold fan mixing/coolingeffects on the primary stream causes
flow data shift to the right with increasingfan- a very marked reduction in the primary stream tem-
to-primary stream temperatureratios. It is in- perature characteristics.
teresting to note that when the fan-to-primary
stream temperature ratio is near 1.0, the data When both streams are heated, the primary
coincide with the DT curve, independentof the stream radial temperatureextent is increased,as
UF/UP ratio. This is shown clearly in Fig. shown by the profiles in Fig. 18(b) compared with
14(c) for several UF/UP ratios.
those in Fig. 18(a). Also the presence of the single nozzle. However, the free jet can also be
heated fan stream is evident in the radial profile considered as a very large fan stream nozzle.
to X/Dp ratios between four and eight for the
stream conditions noted in the figure. From the correlation shown in Fig. 19, it is
evident that at least two main flow regimes are
As for the radial velocity profiles, the fan present with a transition region between them. An
stream radial temperature profiles for the 3.2 equation was developed to include all three re-
area ratio nozzle were wider than those for the gions. The equation selected consists of two
1.9 area ratio nozzle and persisted as a separate parts; first, a linear relation for the entire
identity for a longer axial distance. The trends range of data and second, a subtr_ctive term that
with velocity and temperature ratio were similar operates primarily in the (UF/UP) _ ranqe of
" for both nozzles. 0.7 to 1.0 and accounts for the-dip or-deviation
of the data from the linear relationship. This
It should be noted that although the radial equation is given by:
temperature profiles shown in Figs. 17 and 18 are
in terms of static temperatures,the total temper- , , Lr/UFk8A_-- <___pl_ll4UF
ature profiles were substantiallysimilar except FV - 1 /UFIA
at the radial profile extremities....... 0.125 l_-p) 11 -
Plume Centerlin Decay Correlations (_p _ O-_UpJ
All correlation efforts herein had as their
ultimate objective the reduction of the two-stream F/ 15At (__pFll]
plume data to that given by the single-stream UF U A 45
curves given in Ref. 1. To that end, any addition- - 0.275L_-_p_ _ + (7)
al parameters used to correlate the two-stream
data either had to reduce to 0 or 1.0 when UFIUP
was 0 or 1.0, depending on the particularequation While the exponents in Eq. (7) appear to be hor-
formulation, rendous, their use is caused b_ the steepness of
the data trends in the (UFIUp)_ range of
Velocity 0.7 to 1.0. The measured correlationparameter
FV values are shown in Fig. 20 together with
In order to reduce the two-streamcenterline the curve resultingfrom the use of Eq. (7) for
velocity decay data to the single-streamcurve (UFIUp)A values greater than 0.4. It is
given by Eq. (I), the data were adjusted by a fac- apparent that the agreement is good. For (UF/Up)A
tor denoted by FV. This factor was determined values less than 0.7, the linear relationshipshown
to be a function of mainly UFIUP and second- by Eq. (7) in the figure is maintained.
arily of the total-to-primarynozzle diameter ra-
For applicationsin which only a limitedrange
tio, and the primary and fan stream temperatures, of (UFIUp) _ values are of interest, theThe correlation parameter, FV is expressed as:
main flow regimes can also be represented by _he
Fv i A fo!lowing equations. In the range of (UF/Up)_
- rati s less than 0.785, the following relationship
(DT/Dp - 1) _ (5) applies.
where: FV- 1 fUF_A
- 11 =ll_-o) (8)(DT/DP
[
\r/
_A/t010"2 In the range of (UFIUp) A ratios greater
A : 0.625 k_-Fj j (6) than 0.815, the following relationship representsthe data well:
In the exponent A, a nozzle size term was required
because the slope of the curve through a given set r_ ,^13.33
of nozzle data appeared to be a function of DTIDP. FV - 1
Similarly, changes in the stream temperatures also - i) = (9)
affected the slope of the data. Consequently, an (DTI DP
exponential formulation to account for these ef-
fects was used and so that when UFIUP = O, the Finally, in the transition region 0.785 < (UFIUp) A
FV parameter was 1.0; hence, the single-stream < 0.815, the following equation is valid:
formulation. Similarly, with a primary stream
, diameter of Dp when UFIUP = 1.0, the FV -12
parameter was DT/Dp, or the single stream for- FV- 1 [ fUF_A]
mulation with a stream diameter consisting of the = 1.3 (i0)
total diameter, DT. Use of total stream tempera- (DTIDP - 1) _UpJ ]tures in Eq. (5) would cause the exponents on the
respective temperature ratios to be 0.1785 and 0.39. Equations (8) to (i0) are shown plotted in Fig. 21
together with the FV values of Fig. 19. It is
The correlation parameter, FV, in terms of apparent that these equations also represent the
these relationships is shown in Fig. 19. This data well, as was the case with Eq. (7).
figure includes data for the AR 1.9 and 3.2 noz-
zles from the present work and the AR 25 nozzle In Fig. 22, the correlated two-stream center-
from Ref. 2. Note that the data from Ref. 2 was a line velocity decay data are shown in terms of
free-jet simulated flight effects study using a UIUp as a function of
x Ro0resontotivecon,er1 nem0oraturodocayd tain terms of [(t-t )/(tp- to)]B as a func-
Dpl_p\t-o0/ _VV} tion of
where Fv is obtained from Eq. (7). Also shown X tp
is the single-streamcurve from Ref. 1. It is
apparent that good correlationof the two-stream Dp_Hp\to/.I+/3_Tl I
velocity decay data has been achieved and that the
correlateddata fall near the single-streamcurve, are shown in Fig. 23. Also shown for comparison
Use of Eqs. (8) to (10) yield equally good correl- is the single-streamcenterline temperaturedecay
ation of the two-streamdata within their respec- curve shape. It is apparent that the slopes of
tive ranges of application, the two-streamdata are the same as that for the
single-streamcurve. Plots of the centerline total
Temperature temperature decay showed similar good agreement.
It was stated earlier that the jet plume cen- The next step in the correlation of the center-
terline temperaturedecay differed markedly in its line temperaturedecay was to correlate the heated
trends compared with those for the centerline ve- primary stream and cold fan stream data. A complex
locity decay. As was the case for the centerline equation was required because of the reversal of
velocity decay, the objective of the centerline the decay curves with UF/UP ratio noted ear-
temperature decay correlationfor two-stream noz- lier in the discussionof Fig. 9. A suitable cor-
zles was to provide the necessary parametersto relation parameterwas developed that satisfied
reduce these data to the single-streamcurve of the end conditionswhere UF/UP = 0 and 1.0.
Ref. 1. This parameter, Fo, is given by:
The first step in the present correlationwas
to adjust the slopes of the two-stream temperature F0 k_P l)I{ vH ( ____)2.5}
decay curves (figs. 12 and 13)to that for the [DT UF
single-streamtemperaturedecay curve. This ad- = 1 + - 4.4 IT- 1 +justment was made by providing a suitable exponent
to the static temperatureratio (t - to)/(tp - to)
or the total temperature'ra i (T - to)/(TP - to).
For the static temperatureratio, the exponent,
designated B, is given by: 98 1 -\Up) J
I (___F) ,,/U\I'5I I A TF/-_I1-1"0 This parameter applies for both the staticand+ e31(UF/Up) (14)
total temperaturedecay curves for the data range
[_]B [(T_ to) IB included herein.i.e., or (Tp - to)] In ord to correlate the temperaturedecay
when both streams are heated, the parameter, FO,
For UF/UP ratios greater than about 0.9, the was expanded as follows:
addition of the term 0.67 (UF/Up)8 to the
UFIUP portion of Eq. (11) provides a better <D T I<TTpF_ t0_0"5correlation of the data without significantlyaf- FT = F0 + _-_p-F (15)fecting the correlation at lower values of the to)
UF/UP Inclusion of this additionalterm in
Eq. (11) yields the following expanded equation: The centerline temperaturedecay data are thus
correlated by:
[I 0( ii x ]B1 = 1 2.33 /'5 + 0.67 ktp_ to / = Dpl_pkT_O/ (16)
I V_ ,J or (_T)]
i - (12)
T- to X (TP? "225
For the total temperatureratio, the exponent, T-_O = Dpl_p\_-_O/ (17)designated B2, is given by:
I I "U\1"5_II "TF/-_ ]-1"0 In Figs 24(a) and (b), the centerline static tem-I_PI | perature decay is shown correlated in terms of
B2 = 1 + 1.667 1 - Eq. (16) for cold fan streams and heated fan
V T-_' st eams, r spectively. Also shown for co parison
is the single-streamdecay curve from Ref. 1. In
(13) general, the correlatedtwo-stream data group well
about the single-streamcurve from Ref. 1.
Radial Profiles occur when the (tR - to)/(tc - to) ratio
equals the tFltP ratlo.
Velocity
In Fig. 31, the radial temperaturedistribution
For single stream,turbulent flow jet plumes, for nozzle area ratios of 1.9 and 3.2 are shown
the radial velocity distributioncan be plotted in for a nominal UF/UP of 0.68 and both streams
the non-dimensionalparametersof UR/UC as a heated. The departure of the two-stream data from
function of R/bV for specified axial locations the single-streamcurve is now quite evident. The
downstream of the nozzle exit plane.4 Typical departure appearsto be initiated again when
radial velocity distributionsfor the primary noz- (tR - to)/(tC - to) = tFltp, as in the
zle only (single stream)with heated flow are shown case of the cold flow data.
in Fig. 25.
The effect of heating the fan stream becomes
In the present work, the URIUC distribu- very evidentwhen (tR - to)/(tC - to) =
tions for two-streamflows were analyzed using the (tF - tQ)/(tp - to), as noted in Fig. 31.
same parameters as for single-streamflows. In At the departure point, the radial temperature
Fig. 26 are shown typical radial velocity distribu- decay becomes nearly flat for a significant R/bT p
tions with both streams cold. Also shown in distance before again decaying as the outer regio_
Fig. 26 for comparison is the single-streamradial of the plume is approached. A comparison of the
velocity distributioncurve from Ref. 4. It is AR 1.9 with the AR 3.2 nozzle data shows that
apparent that initially the two-streamradial ve- this constant temperatureratio region is widest
locity decay coincides with the single-streamcurve with the larger area ratio nozzle, as would be
until URIUC = UF/UP, then the two-stream expected.
data departs from the single-streamcurve with
increasing R/bV p values. Near the nozzle As was done with the radial velocity profiles,
exit plane the d_parture and increase in R/bv p the outer edge of the fan stream region was also
is a function of the nozzle size ratio (DT/Dp)' plotted in terms of tR,F - to/tc,F - to
as well as the UF/UP ratio. With increasing as a function of R!bT F. The results of this
axial distance the deviation of the two-stream exercise are shown in Fig. 32 and indicate that
data from the single-streamcurve is reduced until, the outer edge of the fan stream in the jet core
when the fan and primary streams are well mixed, region again follows the relationshipsestablished
the two-stream data essentiallycoincides with the for single-streamradial velocity profiles.
single-streamcurve.
In general, similarresults are obtained if
Similar data to that shown in Fig. 26 are shown total temperaturesare used in place of the static
in Fig. 27 for flows with only a heated primary temperaturesshown in the previous several figures.
stream and with both streams heated. The data The primary differencesbetween the use of total
trends noted for the cold flow data also apply to or static temperaturesoccur at very low tempera-
the heated flow data. ture ratios at the outer plume edge that are gen-
erally of little interestfor design or performance
Examinationof the radial velocity decay of studies.
the fan stream flow at UR/UC = UF/UP in
the initialdecay region only indicatesthat this Plume Radial Spreadin9 Rate
portion of the plume (see fig. 10) also follows
the single-streamradial velocity distribution Velocity
curve. An example of data from this part of the
radial velocity profile is shown in Fig. 28. The The radial spreadingof the jet plume velocity
data used for this figure are based on the fan with axial distance is determinedat the UIUc
stream data shown previously in Fig. 27(d) over a = 0.5 radial location, bv. In Fig. 33, the
range of nominal X/Dp values from 1 to 4. single nozzle jet velocity spreading, bv, normal-
ized to the nozzle exit plane radius,Rj, is
Temperature shown as a function of the axial distance given
by X/Rj. Initially,in the core region, the
The single-streamradial static temperature radial spreading angle is about 6°, similar to
distributionplotted in terms (tR- to)/(tC - to) that given in Ref. 2. However, downstream of the
as a function of R/bT, is shown in Fig. 29 for core region the angle was reduced to about 2-.
several axial distances downstreamof nozzle exit
plane. Also shown is a curve taken from Ref. 1. In order to obtain a correlationof the two-
The data are seen to be in good agreement with the stream primary flow spreading,the data were first
curve. Similar good agreement is obtained when evaluated for cold flow only. Reasonable correla-
total temperaturesare used. tion of the cold flow data was achieved by includ-
ing a function of DT/DP in both the abscissa
In Fig. 30, representativeradial temperature and ordinate of Fig. 33. However, the heated two-
distributions for two-streamflows with only the stream data required an additional term involving
primary stream heated are shown for nominal UF/UP the UF/UP ratio. The final correlationpa-
ratios of 0.29 and 0.68. In general, the two- rameters are shown in Fig. 34 together with the
stream data are closely representatedby the data and the single-streamcurve. Reasonable cor-
single-streamcurve except at (tR - to)/(tC -to) relation of the data were achieved by the parame-
ratios less than about 0.3. In this latter reglon, ters shown in the figure.
higher temperatureratios are indicated by the data
at the same RIbT,P for the two-streamflow than The radial spreading of the fan stream in the
those with single-streamflow. The departure of core region is shown in Fig. 35. For the fan flow,
the data from the single-streamcurve appearsto the dimensionalparameter is based on the width of
the fan annulus, h, instead of Dp as in the
case of the primary stream. Also shown in the Conclusions
figure is the single-stream curve, for which
h = Rj. Because of the limited data available Op the basis of the present study on subsonic
no further effort to normalize the data was two-stream jet plume characteristics the following
attempted, conclusions may be drawn.
Temperature i. Centerline single-stream jet plume correl-
ation parameters were extended to include two-
In Fig. 36, the temperature radial spreading stream velocity and temperature effects. The re-
with axial distance from the nozzle exit plane is sultant correlations are equally applicable to
shown for single-stream flows. These data were both single and dual-stream, coplanar jet plumes.
obtained at the same time as the velocity radial Included in the correlated data bank are the ef-
spreading data shown in Fig. 33 and are used herein fects of fan-to-primary stream velocity ratio and
as reference for the two-stream temperature radial temperature ratio. Also included is the effect of
spread data. fan-to-primary nozzle area ratio.
The temperature radial spreading for the two- 2. In general, the radial velocity and temper-
stream flow obtained in the present study was not ature profiles, particularly at high fan-to-primary
sufficient to permit the development of correlation velocity ratios, upstream of the primary core flow
parameters; however, significant trends are shown region must be analyzed independently to account
in Fig. 37. The temperature radial spreading for for the individual flows. Downstream of the pri-
the primary stream, bT.P/Rp, is shown as a mary core flow region, the profiles are similar
function of the axial distance, X/Rp. Initially, for the single and dual flows.
the two-stream data coincide with the single stream
curve. However, between 4 < XlRp < 8, the two- 3. On the basis of limited data, a tentative
stream data deviates from the single-stream curve, correlation was developed for the two-stream radial
Beyond X/Rp = 8, the two-stream data tends to velocity spreading rate. The resultant correlation
parallel the single-stream curve. No explanation is applicable to both single and dual flow jet
is currently available for the low values measured plumes.
for the AR = 1.9 nozzle at a UF/UP = 0.68.
It is speculated that with values of UF/UP 4. A correlation of two-stream temperature
greater than 0.68, the two-stream data approaches spreading rates was not possible due to the ex-
more closely to the single-stream curve; however, tremely limited data; however, sufficient data
data are not available to provide the necessary were available to discuss trends caused by fan-to-
normalization parameter, primary velocity and temperature ratios.
In the case of the fan stream temperature ra- 5. On the basis of a single set of plume ve-
dial spreading, even less data were available than locity and temperature data, tentative recommenda-
that for the primary stream. The currently avail- tions for future work and possible data analysis
able data are shown in Fig. 38 in which bT.F/h is considerations of non-coplanar nozzle flows are
plotted as a function of X/h. Also shown in the included.
figure is the single-stream curve. No further at-
tempt was made to normalize the few data available. REFERENCES
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